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We analyze the effect of a strong Zeeman field on the spectrum of collective excitations of mono-
layer transition metal dichalcogenides. The combination of the Dresselhaus type spin orbit coupling
and an external Zeeman field result in the lifting of the valley degeneracy in the valence band of
these crystals. We show that this lifting of the valley degeneracy manifests in the appearance of an
additional plasmon mode with linear in wavenumber dispersion along with the standard square root
in wavenumber mode. Despite this novel mode being subject to the Landau damping, it corresponds
to a well defined quasiparticle peak in the spectral function of the electron gas.
A growing list of novel atomically thin crystals demon-
strate great potential for a wide variety of electronic
applications due to the exceptional tunability of their
electronic properties and unique band structure effects.1
In particular, monolayers of a family of transition metal
dichalcogenide (TMD) materials of the form AX2 where
A = Mo,W,Ta and X = S, Se,Te, have two-dimensional
(2D) honeycomb lattice structure and a well defined di-
rect band gap & 1.5eV suitable for the use in transis-
tors and other logical elements.2–4 Atomically thin crys-
tals also show great promise for applications in plasmonic
devices.5 This motivated a number of measurements of
plasmon modes in graphene6–8 and topological insulator
thin films9 and numerous device proposals. An exten-
sive theory of the collective modes in 2D materials has
been reported10–14 including the recent theoretical anal-
ysis of the spectrum of collective modes of MoS2
15 which
described the typical 2D plasmon with a square root in
wavenumber dispersion in great detail. In this paper, we
show that the collective excitation spectrum of TMDs
acquires a particularly rich structure in the presence of
Zeeman field, not included in the analysis in Ref. 15.
One feature which distinguishes monolayer TMDs from
other 2D hexagonal crystals is that the partially filled d-
orbitals of the heavy transition metal atoms are charac-
terized by a relatively strong spin-orbit coupling (SOC).
Also, the crystal lattice of a monolayer TMD breaks in-
version symmetry which results in the Dresselhaus-type16
spin splitting which is particularly strong in the valence
band ∼ 0.1− 0.5eV. The SOC preserves the out-of-plane
component of the spin as a good quantum number. Low-
energy electronic excitations in TMD materials are con-
fined to the close vicinity of the corners of the hexagonal
Brillouin zone, called K-points or valleys, and these val-
leys are related by the time inversion operation. Time
inversion symmetry requires SOC to have opposite signs
in the two valleys, so that the spin up and down bands ac-
quire energy shifts of the opposite sign in the two valleys.
In other words the spin and valley indexes are locked
at the top of the valence band, resulting in valley Hall
effect and valley dependent optical selection rules.17–20
This spin-valley locking also results in the long spin co-
herence time17–19 which is expected to be limited only
by the typically weak inter-valley scattering on magnetic
impurities or spin-lattice relaxation.21
The contribution of the work presented here is to de-
scribe the rich physics introduced by a non-zero Zeeman
field, which results in a relative energy shift of the spin
polarized (spin-valley locked) bands in the two valleys.
The result is that when the Fermi level (which can be
controlled by external gating) is at the top of the va-
lence band, all the charge carriers (holes) are located
in only one valley which therefore demonstrates a chiral
pseudospin texture similar to the spin texture of a 3D
topological insulator surface state with a small gap.22 In
this case the plasmon spectrum demonstrates a partic-
ularly rich evolution as a function of the Fermi energy
and/or Zeeman field strength. At higher hole doping
of the valence band the second valley becomes partially
filled with substantial carrier density imbalance between
the two valleys. The density imbalance gives rise to a
sizable difference of the Fermi velocities in the two val-
leys. Coulomb interactions in the two bands character-
ized by substantially different Fermi velocities give rise to
a novel plasmon mode with the frequency almost linear
in wavenumber in addition to the typical two dimensional
plasmon mode with the square root in wavenumber dis-
persion.
An analogy can be drawn with a double layer semicon-
ductor 2D electron gas (2DEG) system considered by Das
Sarma and Madhukar over 3 decades ago.23 In this case
Coulomb interactions in the system of two 2DEGs phys-
ically separated by an insulator with different electron
densities give rise to a two-mode plasmon spectrum with
one mode having an almost linear in wavenumber dis-
persion and the other the square root dispersion.12,23–25
The two modes correspond to symmetric and asymmet-
ric combinations of plasmons in each of the two layers.
A crucial distinction with TMDs considered here is that
the two interacting 2DEGs in the case of TMDs are lo-
cated in the same physical space and differ only by spin
and valley quantum numbers. Furthermore, the pres-
2ence of four valence bands gives rise to a much richer
plasmon spectrum in the case of TMDs as compared to
semiconductor double layer systems. Also, very recently
a somewhat similar effect was predicted26 in the case of
a very highly doped graphene, such that the Fermi level
lies in the vicinity of the van Hove singularity. In the lat-
ter case, the strong anisotropy of the Fermi surface gives
rise to the large variation of the Fermi velocity and the
resulting splitting of the plasmon spectrum.
In this paper, we consider a monolayer TMD in pres-
ence of a strong Zeeman field. We analyze the spectrum
of collective excitations in the system in the presence of
Coulomb interaction within the random phase approxi-
mation (RPA) of the many body perturbation theory. We
analyze the splitting of the plasmon spectrum in two or
three modes caused by the Zeeman field as a function of
chemical potential. The novel linear modes are subject to
Landau damping due to electron-hole excitations. How-
ever, we find that the damping is relatively weak which
is reflected in well defined non-Lorentzian peaks in the
spectral function of the electron gas associated with the
novel plasmon modes. We also outline the conditions for
the existence of the linear modes.
The lattice symmetry of TMDs is similar to that of
monolayer graphene with the exception of the broken in-
version symmetry which allows the Dresselhaus type spin
orbit coupling. Using the analogy with graphene we can
write the low energy k · p Hamiltonian of a TMD as
H = ξatk · σ + ∆
2
σz − ξλsz σz − 1
2
+ αsz, (1)
where the momentum k is defined with respect to K-
points, ξ = ±1 denotes the valley, and σi and si are
Pauli matrices in the sublattice and spin spaces, respec-
tively. The first term is the nearest-neighbor hopping
parametrized by the lattice constant a and the hopping
energy t, the second term is the band gap ∆ introduced
by the asymmetry between the two lattice sites, and the
third term is the spin-orbit coupling originating from the
d-orbitals of the metal ions parametrized by λ. Crucially,
we also allow a Zeeman term parametrized by α. This
Hamiltonian can also be obtained by the expansion of the
tight binding model Hamiltonian27–29 in the parameter
ka ≪ 1. The energy spectrum consists of four bands in
each valley. The conduction bands are split only by the
Zeeman term, whereas the valence bands are split by a
combination of the Zeeman and spin-orbit terms:
Esξbk =
sξλ
2
+ sα+
b
2
√
4a2t2k2 + (∆− sξλ)2, (2)
where s = ±1 denotes the spin and b = ±1 the conduc-
tion or valence band.
To compute the dielectric function and hence the plas-
mon spectrum, we begin with the non-interacting polar-
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FIG. 1. The real part of the dielectric function of (a) MoS2
and (b) WS2 as a function of q and ω. The solid black lines
mark the plasmon modes.
ization operator which is given by
χ(0)(q, ω) =
∫
d2k
4π2
∑
s,ξ,b
Fsξb(k,k+ q)×
× fsξbk − fsξb|k+q|
ω + iη + Esξbk − Esξb|k+q|
. (3)
In this expression, the functions fsξbk give the occupancy
of the state with the respective band indices and wave
vector, and Fsξb(k,k+q) is the overlap of the wave func-
tions in the band denoted by s, ξ and b with wave vectors
k and k + q. Using the shorthand notation k′ = k + q,
this is,
Fsξb(k,k
′) = V 2sξbkV
2
sξbk′ +W
2
sξbkW
2
sξbk′
+ 2VsξbkVsξbk′WsξbkWsξbk′ cos(θ − θ′), (4)
where θ and θ′ are respectively the angle of the wave
vectors k and k′ measured from the kx axis, and the
components of the spinor part of the wave function are
Vsξbk =
−ξak√
a2t2k2 + (∆2 + α− Esξbk)2
,
and
Wsξbk =
∆
2 + α− Esξbk√
a2t2k2 + (∆2 + α− Esξbk)2
.
3Material a (A˚) t (eV) ∆ (eV) λ (eV)
MoS2 3.193 1.10 1.66 0.075
WS2 3.197 1.37 1.79 0.215
TABLE I. Material parameters for MoS2 and WS2, from
Ref. 20. We assume the average dielectric constant to be
κ = 5 throughout the text.
The energy range that we are interested in is much
smaller than the band gap, and as such we can approx-
imate the polarization operator by the intra-band part
originating from the two highest energy branches of the
valence band. These are the up spin band in the K val-
ley, and the down spin band in the K ′ valley. Note that
the interband terms in Eq. (3) arise only from the transi-
tions between the band with the same out-of-plane spin
components due to orthogonality of the opposite spin
states. Therefore the largest interband term is of the
order ω/∆≪ 1.
The dielectric function within the RPA is then found
from the polarization operator in the standard way:
ǫRPA(q, ω) = 1− Vqχ(0)(q, ω), (5)
with Vq = 2πe
2/κq where κ is the effective dielectric con-
stant of the medium in which the 2D crystal is embedded.
We focus on the situation where the Zeeman term is fi-
nite so that the up-spin and down-spin bands in opposite
valleys have asymmetric Fermi surfaces. The numerical
evaluation of Eq. (5) is shown in Fig. 1, along with the
associated plasmon frequencies. We use material param-
eters corresponding to MoS2 and WS2, with the latter
exhibiting rather larger spin-orbit coupling due to the
increased weight of the tungsten ion over the molybde-
num ion. The Hamiltonian parameters for each of these
materials are shown in Tab. I. The regular 2D plasmon
with
√
q dispersion is seen as the higher frequency mode,
but we focus on the emergence of a second mode at lower
frequency with almost linear dispersion. This mode is
absent in the α = 0 case. Both modes have frequency
which increases with the hole density.
The emergence of the linear in wavenumber plasmon
mode can be understood in more detail analyzing long
wavelength asymptotic, q/kF ≪ 1. In this limit we
can approximate the wave function overlap factor as
Fsξb(k,k + q) ≈ 1 + O(q/kF ). In the leading order in
q/kF we write for the intra-band polarization operator
of Eq. (3)
χ(0)(q, ω) = −
∫
d2k
(2π)2
∑
s
nk · q
∣∣∂εsk
∂k
∣∣ δ(µ− εsk)
ω + nk · q
∣∣∂εsk
∂k
∣∣+ iδ
= −
∑
s
νs
[
I
(
ω
qvFs
)
+ iJ
(
ω
qvFs
)]
, (6)
where nk = k/k, and vFs =
∣∣∂εsk
∂k
∣∣
k=kF
and νFs =
kFs
2pivFs
are the absolute value of the dispersion slope and the
density of states at the Fermi level in the band labeled by
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FIG. 2. The real part of the dielectric function calculated
using the full expression for the polarization in Eq. (5) (black
line) and the q/kF ≪ 1 approximation in Eq. (6) (red line).
the spin index s, respectively. Here we include only the
valence band b = −1 contribution, and take into account
the spin-valley locking ξ = s = ±1 so that εsk = Ess−k.
In Eq. (6) we introduced
I(a) =
∫ 2pi
0
dϕ
2π
cosϕ
a+ cosϕ
= θ (1− a)− θ (a− 1)
(
a√
a2 − 1 − 1
)
,
where the integral is taken in the sense of the principal
value, and
J (a) = −π
∫
dϕ
2π
δ(a+cosϕ) cosϕ = − a√
1− a2 θ(1− a).
Using the leading order expansion Eq. (6) we look for
zeros of the real part of the dielectric function therefore
1 + Vq
∑
s
νsI
(
ω
qvFs
)
= 0. (7)
The real part of the dielectric function at a fixed fre-
quency is shown in Fig. 2 where the red line shows the
approximation by Eq. (6) and the black line is the full
numerical evaluation of Eq. (5). There is always a root
of the dielectric function in the limit ω
vFsq
≫ 1 in which
case Eq. (7) reads
1− Vq
∑
s
νs (qvFs)
2
2ω2
= 0.
The solution corresponds to the plasmon mode with the
dispersion given by ω1(q) = D
√
q, where
D =
e2
2κ
(kF↑vF↑ + kF↓vF↓)
=
e2
4κ
(2µ− λ)2
[
(2µ− λ)2 − 4α2]− (∆− λ)2
(2µ− λ)2 − 4α2
.
A second root of Eq. (7) may exist in the range of
frequencies vF↓q ≤ ω ≤ vF↑q given by
ω2(q) = vF↓q
q + q↑ + q↓√
(q + q↑ + q↓)
2 − q2↓
≈ vF↓q,
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FIG. 3. (a) Variation of plasmon frequency with µ for WS2.
(b) The two partially occupied bands. The horizontal lines
show the chemical potential for each of the lines in (a).
where qs =
2pie2
κ
νs is an analog of Thomas-Fermi
wavenumber for each of the spin/valley species. In order
for the second root ω2(q) to exist the dielectric function
has to become positive
ε
(
ω↑,
ω↑
vF↑
)
> 0, (8)
within vF↓q ≤ ω ≤ vF↑q. The condition in Eq. (8) in the
long wavelength limit, q/kF↓ ≪ 1, is satisfied so long as
q > q↓
vF↑ −
√
v2F↑ − v2F↓√
v2F↑ − v2F↓
− q↑.
In the lowest order in wavenumber q/kF → 0 a divergence
appears in the dielectric function
lim
a→1−
I(a)→ −∞, (9)
which guarantees the existence of the second root. How-
ever, at larger wavenumbers q/kF↓ ∼ 1 the divergence in
Eq. (9) is rounded off and the second root of the dielec-
tric function disappears. This is reflected by the termina-
tion of the linear branch of the plasmon dispersion shown
in solid black lines in Fig. 1(a,b). At high hole doping
the difference in Fermi velocities becomes relatively small
vF↑ ≫ vF↑ − vF↓and the linear mode disappears.
The variation of the plasmon spectrum with the chem-
ical potential µ is shown in Figure 3(a). When µ is
located in only the ↑-spin/K-valley band (orange line,
µ = −0.68eV, n = 1.3 × 1012cm−2), the second mode
is absent. When the ↓-spin/K ′-valley band becomes oc-
cupied (blue line, µ = −0.71eV, n = 2.0 × 1012cm−2)
the second mode becomes active. Initially, the range
of momenta for which the second mode exists is small
and grows as µ moves deeper into the ↓-spin/K ′-valley
band (green line, µ = −0.74eV, n = 8.2 × 1012cm−2).
However, as the chemical potential increases further (red
line, µ = −0.77eV, n = 1.2 × 1013cm−2), the range of
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FIG. 4. Spectral function of second plasmon mode is WS2.
The vertical lines on either side of the peak denote the location
of the two continua.
wave vectors where the second mode exists starts to de-
crease, and eventually the second mode vanishes (black
line, µ = −0.8eV, n = 1.7× 1013cm−2).
The first plasmonmode ω1(q) is not affected by Landau
damping, which is limited to the frequency range ωs ≤
vFsq. However, the second mode vF↓q ≤ ω2(q) ≤ vF↑q is
subject to Landau damping due to electron-hole excita-
tions allowed in the ↑-spin/K-valley band. To illustrate
the stability of the second plasmon mode, in Fig. 4 we
plot the spectral function associated with the plasmon
propagator
A(q, ω) = −ImχRPA(q, ω) = −Im χ
(0)(q, ω)
ǫRPA(q, ω)
,
as a function of ω for different q. The quasiparticle peak
is well defined at all wave vectors, and is located be-
tween the onset of the two continua, in the narrow region
of frequencies between the two electron-hole excitation
thresholds of ↑-spin and ↓-spin bands, vF↓q ≤ ω ≤ vF↑q,
respectively. The line shape of the quasiparticle peak cor-
responding to ω2(q) is distinct from a regular Lorentzian,
which reflects Fano-like suppression of the spectral weight
due to mixing of plasmons with the electron-hole excita-
tion continuum. The strength of the response from the
continuum grows with q, but the height of the quasipar-
ticle peak above the continuum increases slightly. The
width of the quasiparticle peak also decreases with in-
creasing q. Note that the ratio of the peak maximum to
the background of the spectral function is consistent with
the real and imaginary parts of the dynamical dielectric
function being of the same order, in which case this ratio
is roughly equal to 2. This indicates that the additional
quasiparticle peak identified here is a generic property of
a 2D electron gas with lifted spin degeneracy.
With regard to the possibility to observe the predicted
splitting of the plasmon spectrum in TMDs experimen-
tally, a crucial parameter is the Zeeman energy. The
simplest way to induce strong Zeeman splitting is us-
ing magnetic field. The smallest Zeeman field considered
in our quantitative calculation, 4meV, corresponds to a
5very high but experimentally accessible magnetic field
of B . 20T (assuming g-factor ≈ 4 for an out-of-plane
field28). At such high fields Hall quantization is possible
resulting in a discrete spectrum in contrast to the contin-
uous case considered here. In this case the plasmon spec-
trum is modified due to mixing with cyclotron modes.
The splitting of the spectrum predicted here will persist
and will be observable in presence of Landau quantiza-
tion. This situation deserves a separate detailed study.
Rotating the magnetic field so that it is in the plane
of the TMD removes the Landau quantization, but the
anisotropy of the g-factor means that a stronger magnetic
field B ≈ 40T is required to achieve a Zeeman field of
4meV. An alternative way to achieve very large Zeeman
fields (without Hall quantization) is using the proximity
effect with a magnetic insulator. Recently, a proximity
induced Zeeman field was demonstrated in Bi2Se3/EuS
heterostructures with a Curie temperature & 10K.30,31
Alternative magnetic insulators can have much higher
Curie temperatures for example 500K was reported re-
cently for strained ultra-thin (< 10 unit cells) LaSrMnO
film on a StTiO substrate,32 and 300K of a layered anti-
ferromagnet MnTe.33
In conclusion, we analyzed the evolution of the plas-
mon spectrum TMDs in the presence of a strong Zee-
man field as a function of the chemical potential. We
find that in a wide range of parameters there appears a
second plasmon mode characterized by almost linear in
wavenumber dispersion. This additional mode is subject
to the effect of Landau damping. However, the damping
is relatively weak and the mode is associated with a pro-
nounced quasiparticle peak in the spectral function of the
electron gas. The shape of the plasmon peak in the spec-
tral function is distinctly non-Lorentzian and reflects the
mixing of the mode with electron-hole excitations. The
predicted splitting in the collective excitation spectrum
is a clear signature of a strong Zeeman field and may be
used to identify proximity effect in a TMD/ferromagnetic
insulator heterostructure.
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